Energy efficiency investments in existing buildings are an effective way of reducing the environmental impact of the building stock. Even though policies in the European Union and elsewhere promote a unilateral focus on operational energy reduction, scientific studies highlight the importance of applying a life cycle perspective to energy refurbishment. However, life cycle assessment is often perceived as being complicated and the results difficult to interpret by the construction sector. There is also a lack of guidelines regarding the sustainable ratio between the embodied and accumulated operational impact. The scope of this study is to introduce a life cycle assessment method for building refurbishment that utilizes familiar economic performance tools, namely return on investment and annual yield. The aim is to use the introduced method to analyze a case building with a sustainability profile. The building was refurbished in order to reduce its operational energy use. The introduced method is compatible with a theory of minimum sustainable environmental performance that may be developed through backcasting from defined energy and GHG emissions objectives. The proposed approach will hopefully allow development of sustainable refurbishment objectives that can support the choice of refurbishment investments.
Introduction
Reducing the environmental impact of existing building stock is essential [1, 2] and can be effectively achieved through investing in energy-efficiency measures. For a long time the focus of energy-efficiency measures has been on reducing operational energy use, which reflects the existing building energy-and environmental policies in the European Union and elsewhere [3] . However, the unilateral focus on operational energy use in current design methods is questioned when scientific studies emphasize the significance of embodied energy [4] [5] [6] [7] [8] [9] , thus highlighting the importance of applying a life cycle perspective to the planning of energy efficiency refurbishment.
Building Refurbishment-Life Cycle Assessment (BR-LCA) includes operational energy use, which is the energy required to operate a building, including heat and electricity use, and embodied energy. Embodied energy is categorized as initial, recurring and demolition. Initial embodied energy includes energy use during production and construction of the building and recurring embodied energy includes energy use for maintenance and repairs. In theory, BR-LCA is a very useful tool for providing a holistic view of the impact of building refurbishment. However, the tool is rarely used by the construction industry because the BR-LCA process is often perceived as being complicated and the results difficult to interpret [10] [11] [12] .
In scientific literature, the relationship between embodied energy and the reduction in operational energy use is often evaluated to make the BR-LCA method more accessible. Energy payback time (EPBT) is a performance measure frequently used to indicate this relationship [13, 14] . There are also studies that use Energy Return on Investment (EROI) as a performance measure, particularly in the assessment of photovoltaics [15, 16] . Review studies also acknowledge the need for more BR-LCA case studies, especially on multifamily buildings, in order to build references that can form the basis of the development of accessible BR-LCA tools [17, 18] . Studies also show that policies and regulations are key elements influencing building refurbishment [19] .
We will study a multifamily case building that was refurbished with energy-efficiency measures that were planned and implemented with the focus to reduce operational energy use. The energy-efficiency measures will be analyzed from a life cycle perspective, including both operational and embodied energy. The case building is situated in the million homes program area of Ålidhem in Umeå, Sweden, 455 km south of the Arctic Circle. The million homes program expresses the large-scale, intensely developed areas of uniform apartment blocks built in Sweden in the 1960-1970s to accommodate home seekers regardless of their income [20] . The case building is owned by the municipal housing company in Umeå and its refurbishment was financially supported by the Swedish government's Delegation for Sustainable Cities [21] .
A range of energy-efficiency measures was implemented in the case building, including energy recovery ventilation, new windows and additional roof and wall insulation. Measurements were made prior to and after refurbishment to validate improvements in the energy performance of the case building, giving access to a unique set of measured data on the annual reduction in operational energy for each refurbishment measure separately [22] . Furthermore, photovoltaics were installed on the roof of the case building to accommodate part of the electricity use. These refurbishment measures have been analyzed using EPBT and EROI as performance measures in a previous study conducted by the authors of the present study [23] . This forms the basis of this study.
The environmental performance of the case building refurbishment was assessed from a life cycle perspective to acquire experience and build references for the development of BR-LCA. The unique set of measured data on the case building refurbishment allowed separate analysis of the measures and enabled their relative comparison. However, in the environmental sustainability assessment of the case building refurbishment, we noted a lack of guidelines and standardized methods for assessing the sustainable ratio between the embodied and accumulated operational impact. Thus, we utilized traditional economic performance tools, namely Return on Investment (ROI) and Annual Yield (AY), to assess the environmental performance of the case building refurbishment from a life cycle perspective. This method is compatible with the theory of a minimum sustainable energy return on energy invested [24, 25] .
The scope of this study is to introduce a familiar BR-LCA approach to calculate and analyze the results and thus hopefully make the BR-LCA process more accessible and comprehensible to the construction industry. We propose an approach that combines ROI and AY as BR-LCA measures together with a developed theory for minimum sustainable environmental performance based on research in order to set policy and industry goals and assess the environmental sustainability of building refurbishment. The aim is to utilize ROI and AY as environmental performance measures to quantify the life cycle energy use (GJ) and greenhouse gas emissions (tonne CO 2 -eq) of the case building refurbishment measures.
Factors such as location, climate and fuel sources influence ROI and AY. Thus, the environmental profitability of the refurbishment measures and photovoltaics are analyzed as these parameters are varied. This has been achieved by theoretically moving the case building to two other European cities, Lund in Sweden and Warsaw in Poland, both of which have a different climate and fuel mix than the original Swedish location of Umeå. Different scenarios for heat and power have also been included in this sensitivity analysis in order to learn more about ROI and AY as environmental performance measures.
Method
A method is presented that views refurbishment measures as environmental investments and utilizes traditional economic performance tools to compare refurbishment investments based on a life cycle approach. The method aims to simplify the calculation and interpretation of the LCA results.
Return on investment expresses the economic performance of an investment as a ratio between the net income and cost of an investment, see Equation (1). The net income is the gross profit of the investment minus expenses over a set period of time.
ROI =
Net income Cost of investment (1)
In the translation of ROI into an Environmental Performance Measure (EPM) for building refurbishment, environmental impact variables are introduced. The variables are "environmental investment" expressed as the Added Embodied Impact (AEI) and "environmental gain" which is the annual change (∆) in Operational Impact (OI) accumulated over a set investment horizon. The investment horizon is defined as the Technical Service Life (TSL) of the refurbishment measure. Environmental performance is measured in energy and Greenhouse gas emissions (GHGe) for refurbishment investments. ROI as an EPM is defined in Equation (2):
ROI has been chosen as an environmental performance measure for building refurbishment because it calculates the total environmental saving of the refurbishment measure, thus providing the basis for making long-term sustainable refurbishment investments. However, ROI has some limitations as an EPM when refurbishment investments with different TSL are compared to each other. This means that the investments are evaluated over different investment horizons which will influence the performance of the refurbishment measure. Thus, the annual environmental yield (AY) has been introduced as an additional EPM to provide information on the annual environmental yield of the refurbishment investments as a percentage.
The annual environmental yield is based on the economic performance measure Compound Annual Growth Rate (CAGR), see Equation (3) . CAGR describes the mean annual growth rate of an investment over a specified period of time of more than one year: CAGR = Ending balance Beginning balance 1/time horizon
For refurbishment measures, CAGR describes the investment yield on an annual compounded basis, because the energy return can be assumed to grow at the same rate every year over the investment horizon with adequate maintenance. The annual environmental yield of an investment over a specified period of time is defined in Equation (4):
The process of estimating EPMs for building refurbishment is shown in Figure 1 . The process can be divided into two parts in which the first part determines the refurbishment measure (marked by a dashed line). The second part estimates the environmental impact variables of the measure, the added embodied impact and annual change in operational impact.
The first part of the process when planning building refurbishment is to decide on the refurbishment measures. Such decisions are influenced by the physical constraints of the building and the objective of the refurbishment. The physical constraints comprise the geographical location of the building, climate and original building design, i.e., frame and envelope design. These factors interact with each other since the geographical location directly affects the climate of the building area and the climate influence the original building design. The influence of physical constraints on the choice of refurbishment measures is regulated by the refurbishment objectives. The objectives can be formulated as economic, environmental and social targets. This study will focus on environmental targets, such as a reduction in life cycle energy use (measured in Joule) and GHG emissions (measured in tonne CO2-eq).
The second part of the process is to estimate the added embodied impact and annual change in the operational impact of the considered refurbishment measure from the first part of the process. The added embodied impact is estimated over the technical service life of the measure. This is achieved through a life cycle energy inventory analysis in which the embodied energy is assessed according to the EN 15978:2011 standard [26] .
The following LCA stages are included in the EN 15978:2011 standard:
• Production stage includes raw material supply, transport and manufacturing. Environmental Product Declarations (EPD) can be used to locate impact data. The influence of physical constraints on the choice of refurbishment measures is regulated by the refurbishment objectives. The objectives can be formulated as economic, environmental and social targets. This study will focus on environmental targets, such as a reduction in life cycle energy use (measured in Joule) and GHG emissions (measured in tonne CO 2 -eq).
• Production stage includes raw material supply, transport and manufacturing. Environmental Product Declarations (EPD) can be used to locate impact data.
•
Construction stage includes transport and the construction installation process.
Use stage includes the impact of maintenance, repair, operational use of energy and water.
• End-of-life stage includes the impact of deconstruction, reuse, transport and disposal.
The EN 15978:2011 standard does not credit benefits and loads beyond the system boundary, e.g., combined heat and power production from waste material.
The embodied GHG emissions of the refurbishment measure are estimated by defining the source of energy used throughout the life cycle and the emission factor of that source. This is achieved by using EPDs and making informed assumptions about energy sources.
For the case building in this study a unique set of measured data on the annual reduction in operational energy has been available [22] . An alternative to conducting measurements and estimating the reduction in operational energy would be to estimate the operational energy reduction by using building energy simulation software. To estimate the annual reduction in operational GHG emissions, information about the building heating system, local electricity grid and the emission factor of these has been collected.
The environmental performance of the refurbishment investment (ROI and AY) is estimated based on the AEI and ∆OI as environmental impact parameters. To assess the environmental performance, a feedback loop to the refurbishment objective should be performed. Depending on the fulfilment of the objective, a decision could be made to continue with the refurbishment measure, make changes to the measure or modify the objective.
Due to the inherent complexity of LCA, transparency is an important guiding principle in order to ensure a proper interpretation of the results. The life cycle energy inventory analysis includes allocation and system boundary choices that should be clearly stated.
Case Study
The case building is a two-story, multifamily building that was built during the million homes program (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) in Sweden [20] and its design is typical of the time. Building design, orientation and installed photovoltaics are shown in Figure 2 . The geographical location of the building is in the city of Umeå, Sweden, located in a cold climate 455 km south of the Arctic Circle. The EN 15978:2011 standard does not credit benefits and loads beyond the system boundary, e.g. combined heat and power production from waste material.
The environmental performance of the refurbishment investment (ROI and AY) is estimated based on the AEI and ΔOI as environmental impact parameters. To assess the environmental performance, a feedback loop to the refurbishment objective should be performed. Depending on the fulfilment of the objective, a decision could be made to continue with the refurbishment measure, make changes to the measure or modify the objective.
The case building is a two-story, multifamily building that was built during the million homes program (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) in Sweden [20] and its design is typical of the time. Building design, orientation and installed photovoltaics are shown in Figure 2 . The geographical location of the building is in the city of Umeå, Sweden, located in a cold climate 455 km south of the Arctic Circle. Table 1 show the properties of the case building prior to and after refurbishment together with the annual reduction in operational energy as a result of refurbishment. The Refurbishment Measures (RM) have been given acronyms that will be used throughout the study. The case building was one of two similar buildings that first were evaluated to determine a common baseline. After this the case building were refurbished and both the case building and the untouched reference building were then monitored for one year [22] . Differences in indoor and outdoor temperatures, house hold and building electricity, heat losses from domestic hot water circulation and personal heat was considered when comparing the reference and case building. For the transmission losses, the reduced operational energy use was distributed between windows, roof and external walls with the help of a building energy simulation software, IDA-ICE.
Electricity production from the photovoltaics was continuously measured every hour. The change in operational energy reported in Table 1 is the mean production over the period 2011-2016. The produced electricity from the photovoltaics has been treated as a reduction in purchased operational electricity use by the case building.
Added Embodied Impact
The added environmental impact, i.e., environmental investment of the different refurbishment measures have been estimated based on an inventory analysis. The inventory analysis is based on information gathered from various scientific reports and is shown in Table 2 . The specific added embodied energy and GHG emissions, TSL and weight or area unit of the refurbishment measures are shown in Table 3 . 
RM1
European impact data. Resource-related impacts have been allocated the recyclability of the materials in the air-handling unit, 70% for steel, 90 % for copper and 75% for aluminum [27] .
No considerations given to transport and construction installation processes [27] .
Changing of filters every six months (40 used over the TSL) [27] .
No regards to environmental impact from deconstruction, reuse, transport or disposal [27] .
RM2
European impact data. GaBi Software was used to estimate the AEI [28] .
No considerations given to transport and construction installation processes [28] .
No maintenance [28] .
No regards to environmental impact from deconstruction, reuse, transport or disposal [28] .
RM3 & RM4
Northern Europe impact data. Primary energy use includes extraction, process, transport and assembly [29] . Emission factors, oil (0.022 tonne CO 2 -eq/GJ), fossil gas (0.018 tonne CO 2 -eq/GJ) and coal (0.03 tonne CO 2 -eq/GJ) [30] .
No considerations given to transport and construction installation processes [29] .
No maintenance [29] .
No regards to environmental impact from deconstruction, reuse, transport or disposal [29] .
RM5 & RM 6
European impact data. Primary energy use include extraction, process, transport and assembly. Solar-grade poly-silicone is assumed to be produced by hydropower. The other components by the UCTE electricity mix [31] .
No considerations given to transport and construction installation processes [31] .
Maintenance requires water use for cleaning the PV, infrastructure and energy use for water treatment and transportation to end user. Transport impact by maintenance personnel, PV module-check performed three times annually [32] .
No regards to environmental impact from deconstruction, reuse, transport or disposal [31] . 
Change in Operational Impact
The change in operational energy, i.e., environmental gain of the case building refurbishment is known from measurements in the case building, see Table 1 . To estimate the change in operational GHG emissions, information on the fuel mix for heat and electricity is required. Energy recovery ventilation, windows and insulation contribute to a change in operational heating, while the photovoltaics contribute to a change in purchased operational electricity.
In Umeå, Sweden, the heat supply for space heating and domestic hot water comes from the centralized district heating grid. The combined heat and power (CHP) plant in Umeå runs on a low impact bio-based fuel with an emission factor of 0.011 tonne CO 2 -eq/GJ [33] .
Parameters such as climate and heat sources influence the change in the impact of operational heating and ultimately the return and yield on the refurbishment investment. This is exemplified by theoretically compare climate and heat source for three different European locations, Umeå and Lund in Sweden and Warsaw in Poland. The design of the Umeå case building is directly transposed to Lund and Warsaw without considerations taken to differences in indigenous building design or local building refurbishment requirements. The degree-day method [34] is used to estimate the expected change in operational energy when relocating the case building to different European locations. For these reasons, the estimated EPMs for Lund and Warsaw is only theoretical and is used to analyze the influence of climate and heat source on the refurbishment performance.
In Figure 3 the average outdoor temperature, the calculated degree-days and the heat source emission factor for the European locations is shown. The Swedish locations, Umeå and Lund, has similar heat source emission factors but deviating amount of degree-days, while Lund in Sweden and Warsaw in Poland has similar amount of degree-days but deviating heat source emission factors. Thus, the influence of climate can be analyzed by comparing the Swedish cities of Umeå and Lund and the influence of heat source can be analyzed by comparing the Swedish city of Lund to the Polish city of Warsaw. The emissions factor for Umeå and Lund is assumed to be 0.011 tonne CO 2 -eq/GJ [33] and for Warsaw its assumed to be 0.054 tonne CO 2 -eq/GJ [35] . There are several different principles for estimating the environmental impact of electricity use [36] . Two common principles are average mix and marginal electricity. The average mix perspective is based on the view that a change in electricity demand affects all units in the system equally [37] . Thus, the impact of the average mix will differ significantly depending on which geographical region the calculations are based on.
The marginal electricity perspective is based on the view that a marginal change in electricity use influences the marginal generation unit, i.e. the electricity generation unit currently running at the highest marginal cost [38] . Traditionally, it is common to define either coal or natural gas condensing power as the marginal electricity mix [36, 37] . However, there are studies arguing that electricity generation that runs at the highest marginal cost changes at different points in space and time and that the marginal electricity mix is likely to involve a mixture of different generation units [38, 39] .
Two average mix perspectives have been analyzed for two different geographical regions, the Nordic countries and Europe, and two traditional marginal electricity definitions have been used, coal and natural gas. The emission factors of the Nordic electricity mix (0.036 tonne CO2-eq/GJ [40] ), the European electricity mix (0.175 tonne CO2-eq/GJ [41] ) and marginal electricity defined as coal (0.319 tonne CO2-eq/GJ [33] ) and natural gas (0.122 CO2-eq/GJ [42] ) will be used to estimate changes in operational GHG emissions resulting of the installation of photovoltaics. The change in operational impact as a result of installing photovoltaics has only been analyzed for Umeå, Sweden as a geographical location.
Results and Discussion
ROIEnergy/GHGe and AYEnergy/GHGe have been estimated for the refurbishment measures conducted in the case building in order to compare the investments. The influence of climate and heat source will be studied by theoretically relocating the case building from Umeå, Sweden, to Lund, Sweden, and Warsaw, Poland. In addition, current and future heating scenarios for the geographical locations will be studied. Different principles for estimating the environmental impact of electricity will also be studied. The implemented energy-efficiency measures will be discussed together with the method. There are several different principles for estimating the environmental impact of electricity use [36] . Two common principles are average mix and marginal electricity. The average mix perspective is based on the view that a change in electricity demand affects all units in the system equally [37] . Thus, the impact of the average mix will differ significantly depending on which geographical region the calculations are based on.
The marginal electricity perspective is based on the view that a marginal change in electricity use influences the marginal generation unit, i.e., the electricity generation unit currently running at the highest marginal cost [38] . Traditionally, it is common to define either coal or natural gas condensing power as the marginal electricity mix [36, 37] . However, there are studies arguing that electricity generation that runs at the highest marginal cost changes at different points in space and time and that the marginal electricity mix is likely to involve a mixture of different generation units [38, 39] .
Two average mix perspectives have been analyzed for two different geographical regions, the Nordic countries and Europe, and two traditional marginal electricity definitions have been used, coal and natural gas. The emission factors of the Nordic electricity mix (0.036 tonne CO 2 -eq/GJ [40] ), the European electricity mix (0.175 tonne CO 2 -eq/GJ [41] ) and marginal electricity defined as coal (0.319 tonne CO 2 -eq/GJ [33] ) and natural gas (0.122 CO 2 -eq/GJ [42] ) will be used to estimate changes in operational GHG emissions resulting of the installation of photovoltaics. The change in operational impact as a result of installing photovoltaics has only been analyzed for Umeå, Sweden as a geographical location.
ROI Energy/GHGe and AY Energy/GHGe have been estimated for the refurbishment measures conducted in the case building in order to compare the investments. The influence of climate and heat source will be studied by theoretically relocating the case building from Umeå, Sweden, to Lund, Sweden, and Warsaw, Poland. In addition, current and future heating scenarios for the geographical locations will be studied. Different principles for estimating the environmental impact of electricity will also be studied. The implemented energy-efficiency measures will be discussed together with the method.
The refurbishment investments that contribute to a change in operational heating have been initially studied from an energy perspective, see Figure 4 . An explanation of the acronyms used in Figure 4 can be found in Table 1 The refurbishment investments that contribute to a change in operational heating have been initially studied from an energy perspective, see Figure 4 . An explanation of the acronyms used in Figure 4 can be found in Table 1 . Figure 4 shows that the energy return is greater in Umeå, Sweden, compared to the other geographical locations. This can be explained by the cold climate in Umeå. The difference between Lund and Warsaw is minimal due to similar average outdoor temperatures.
RM1 has the highest ROIEnergy and AYEnergy when compared with the refurbishment investments in the case building. For the measure RM1 in Umeå, ROIEnergy is 224 and AYEnergy is around 31%. This means that the energy gain is 224 times greater than the energy invested and the annual energy gain is around 31%.
Next, the change in operational GHG emissions as a result of reduced operational heating has been studied. In the analysis, of change in operational GHG emissions, two future scenarios for the European heat mix have been included [35] . The scenarios comprise the 2030 scenario, with an emission factor of 0.034 tonne CO2-eq/GJ and the 2050 scenario, with an emission factor of 0.006 tonne CO2-eq/GJ [35] . The present European heat mix includes around 12% District Heating (DH). The 2030 scenario is assumed to include 30% DH and the 2050 scenario includes 50% DH. The future scenarios are assumed to include an increased proportion of CHP heat supply with increased efficiency and higher amount of bio-based fuels. It is assumed that coal, oil and natural gas boilers will be replaced in both scenarios and in the 2050 scenario, a small proportion of large-scale heat pumps have been added to balance peak loads.
In Figure 5 , the refurbishment investments can be studied from a GHG emissions perspective for the three geographical locations. ROIGHGe and AYGHGe have been estimated based on the environmental impact of the current heat mix of the geographical locations and for the future European scenarios. It is notable that only the European 2050 scenario has a lower emission factor than the present Swedish heat mix. Thus, only the 2050 scenario has been included for the Swedish locations of Umeå and Lund, in Figure 5 . RM1 has the highest ROI Energy and AY Energy when compared with the refurbishment investments in the case building. For the measure RM1 in Umeå, ROI Energy is 224 and AY Energy is around 31%. This means that the energy gain is 224 times greater than the energy invested and the annual energy gain is around 31%.
Next, the change in operational GHG emissions as a result of reduced operational heating has been studied. In the analysis, of change in operational GHG emissions, two future scenarios for the European heat mix have been included [35] . The scenarios comprise the 2030 scenario, with an emission factor of 0.034 tonne CO 2 -eq/GJ and the 2050 scenario, with an emission factor of 0.006 tonne CO 2 -eq/GJ [35] . The present European heat mix includes around 12% District Heating (DH). The 2030 scenario is assumed to include 30% DH and the 2050 scenario includes 50% DH. The future scenarios are assumed to include an increased proportion of CHP heat supply with increased efficiency and higher amount of bio-based fuels. It is assumed that coal, oil and natural gas boilers will be replaced in both scenarios and in the 2050 scenario, a small proportion of large-scale heat pumps have been added to balance peak loads.
In Figure 5 , the refurbishment investments can be studied from a GHG emissions perspective for the three geographical locations. ROI GHGe and AY GHGe have been estimated based on the environmental impact of the current heat mix of the geographical locations and for the future European scenarios. It is notable that only the European 2050 scenario has a lower emission factor than the present Swedish heat mix. Thus, only the 2050 scenario has been included for the Swedish locations of Umeå and Lund, in Figure 5 . An absolute minimum ROIGHGe required for a carbon neutral refurbishment investment is an ROI of one, which corresponds to an AYGHGe of zero percent. A negative AY means an ROI below one and a non-profitable investment. Installing new windows in Lund is a non-profitable investment taking into account the physical constraints of the case building. This means that the environmental cost of investing in windows in Lund is greater than the gain from installing them. With the 2050 scenario, investing in windows in any of the three geographical locations is unprofitable, unless the manufacturing of the windows had a reduced environmental impact.
The added embodied impact also affects the environmental performance of the refurbishment investment. Reducing AEI by reducing energy use and GHG emissions over the refurbishment life cycle will lead to increased environmental performance of the refurbishment measure. In the inventory analysis of the case building (see Table 2 ) no account has been taken of the impact of construction and end of life. This means that the AEI of the case study refurbishment measures have been advantageously estimated, resulting in an overestimated environmental performance. This does not affect the mutual comparison of the refurbishment measures of the case study since the same assumption has been made for all measures. To lower the AEI, the manufacturing process, construction process, maintenance and reuse of materials must continuously improve. Any progress on this front should be rewarded when choosing refurbishment measures. The method that is presented promotes this, since decreased AEI leads to increased EPMs.
We will now study the refurbishment investments that contribute to a change in purchased operational electricity. Photovoltaics that produce electricity have been installed on the roof of the case building, see Table 1 . PV have only been assessed for Umeå, Sweden, as a geographical location. The return on invested energy and GHG emissions and the annual energy and GHG emissions yield for photovoltaics are shown in Figure 6 . In the figure, ROI is read on the left axis and is shown as columns, while AY is read on the right axis and is shown as circles in the figure.
When estimating ROIGHGe and AYGHGe, four different principles for assessing the environmental impact of the change in purchased operational electricity as a result of PV production have been An absolute minimum ROI GHGe required for a carbon neutral refurbishment investment is an ROI of one, which corresponds to an AY GHGe of zero percent. A negative AY means an ROI below one and a non-profitable investment. Installing new windows in Lund is a non-profitable investment taking into account the physical constraints of the case building. This means that the environmental cost of investing in windows in Lund is greater than the gain from installing them. With the 2050 scenario, investing in windows in any of the three geographical locations is unprofitable, unless the manufacturing of the windows had a reduced environmental impact.
When estimating ROI GHGe and AY GHGe , four different principles for assessing the environmental impact of the change in purchased operational electricity as a result of PV production have been analyzed. The Nordic and European average mix and marginal electricity are assumed to be fueled by natural gas and coal. Energy return and annual energy yield for the investment in photovoltaics in Umeå, Sweden, are shown in Figure 6a . The results show that in comparison with the refurbishment measures that affect operational heat (see Figure 4 ) the photovoltaics have lower ROIEnergy and AYEnergy in Umeå. This means that on this occasion it was more advantageous from an energy perspective to invest in energy-efficiency measures affecting operational heat instead of photovoltaics.
From the results in Figure 6b we can conclude that the choice of environmental impact principle for purchased electricity has a significant influence on the result. The use of marginal electricity fueled by coal gives an 89% higher ROIGHGe compared to the Nordic average mix, which has the lowest environmental impact. According to the guidelines of the Swedish Environmental Research Institute, marginal electricity should be used when analyzing a change in electricity use and the average mix is appropriate for allocating liability for emissions [43] . If we are to follow this advice, we should use marginal electricity in the evaluation of photovoltaics on the case building in Umeå.
The objective of the refurbishment is of importance when assessing and comparing investments. The objective of the case building refurbishment in Umeå was to reduce operational energy use. Based on this objective, the three most optimal investment options (see Table 1 ) would be RM1, RM3 and RM2, respectively. These are also the refurbishment investments with the highest ROIEnergy and AYEnergy. However, when ROIGHGe and AYGHGe were studied, we see that RM2 has the lowest GHG emission performance among all the studied investments. This highlights the importance of refurbishment objectives for achieving governmental environmental objectives, since focusing on operational energy objectives alone when refurbishing a building can result in investments with low GHG emission performance. In the case of RM1, this investment has the highest energy and GHG emission performance, making the investment the most beneficial of the studied investments. Social and economic parameters, such as Life Cycle Cost (LCC), should be added to the environmental performance measures to further improve the assessment.
The question is, how should refurbishment objectives be formulated to ensure investments with as high an environmental performance as possible? Hall et al. introduce a minimum viable energy return on energy invested of three in a study on downstream energy use associated with refining, transporting and using oil and ethanol in the transport sector [24] . Hall et al's theory is that the energy required to produce and use one unit of fuel is more extensive than the embodied energy of the fuel. Energy return and annual energy yield for the investment in photovoltaics in Umeå, Sweden, are shown in Figure 6a . The results show that in comparison with the refurbishment measures that affect operational heat (see Figure 4 ) the photovoltaics have lower ROI Energy and AY Energy in Umeå. This means that on this occasion it was more advantageous from an energy perspective to invest in energy-efficiency measures affecting operational heat instead of photovoltaics.
From the results in Figure 6b we can conclude that the choice of environmental impact principle for purchased electricity has a significant influence on the result. The use of marginal electricity fueled by coal gives an 89% higher ROI GHGe compared to the Nordic average mix, which has the lowest environmental impact. According to the guidelines of the Swedish Environmental Research Institute, marginal electricity should be used when analyzing a change in electricity use and the average mix is appropriate for allocating liability for emissions [43] . If we are to follow this advice, we should use marginal electricity in the evaluation of photovoltaics on the case building in Umeå.
The objective of the refurbishment is of importance when assessing and comparing investments. The objective of the case building refurbishment in Umeå was to reduce operational energy use. Based on this objective, the three most optimal investment options (see Table 1 ) would be RM1, RM3 and RM2, respectively. These are also the refurbishment investments with the highest ROI Energy and AY Energy . However, when ROI GHGe and AY GHGe were studied, we see that RM2 has the lowest GHG emission performance among all the studied investments. This highlights the importance of refurbishment objectives for achieving governmental environmental objectives, since focusing on operational energy objectives alone when refurbishing a building can result in investments with low GHG emission performance. In the case of RM1, this investment has the highest energy and GHG emission performance, making the investment the most beneficial of the studied investments. Social and economic parameters, such as Life Cycle Cost (LCC), should be added to the environmental performance measures to further improve the assessment.
The question is, how should refurbishment objectives be formulated to ensure investments with as high an environmental performance as possible? Hall et al. introduce a minimum viable energy return on energy invested of three in a study on downstream energy use associated with refining, transporting and using oil and ethanol in the transport sector [24] . Hall et al's theory is that the energy required to produce and use one unit of fuel is more extensive than the embodied energy of the fuel. Hall et al. argue that to compensate for the road infrastructure and equipment necessary to produce and use the fuel, a ROI Energy larger than one needs to be achieved. The same theory has been used by Dutil et al. to suggest a minimum viable ROI Energy of 10 for building insulation [25] . Estimating the minimum viable ROI and AY on investments is a relatively well-used theory for economic investments. We find the theory of a minimum viable EPM, i.e., minimum sustainable EPM, interesting and compatible with the method used.
Globally, most countries agree on the urge to reduce GHG emissions and that for a long time humankind has live beyond its natural resources [2] . Viewing refurbishment investments as a means of reducing GHG emissions may be a step towards coming to terms with decades of resource over use and rising temperatures. For a refurbishment investment to decrease GHG emissions, ROI GHGe must be greater than one and AY GHGe greater than zero percent. However, a reduction in GHG emissions is urgently required and the construction industry should be able to set reasonable objectives that contribute to a change. Thus, a sustainable EPM for building refurbishment must be substantially larger than one or zero percent for ROI GHGe and AY GHGe, respectively. In a previous study [23] that forms the basis of this study, we analyzed the refurbishment measures based on the assumption that the minimum sustainable ROI for energy and GHG emissions is three, with reference to the study by Hall et al. [24] . If the result in Figure 5 was to be analyzed based on this assumption it would only be sustainably justifiable to invest in RM2 (windows) in Warsaw with the present heat mix.
Guidelines on minimum sustainable EPMs should be developed with the aim of achieving national and international sustainability objectives. The European Union is working towards the objective of cutting emissions within the construction sector by 2050 by 90% compared to 1990 levels [44] . To reach this objective, several EU directives emphasize the importance of energy-efficient refurbishment to enhance building energy performance [45, 46] , preferably to near-zero energy levels [47] . A methodology for defining guidelines on minimum sustainable EPMs may be developed through backcasting from the defined energy and GHG emissions objectives. The backcasting should include mapping the number of buildings in need of refurbishment within the studied region and the time frame for the defined objectives. The classification of a building in need of refurbishment may vary between regions. Based on this information the necessary reduction in operational energy and GHG emissions can be estimated at a building level and guidelines for the minimum required EPM can be developed in order to achieve the set objectives. To avoid underestimating the required reduction, future construction must also be taken into account. The presented method together with developed guidelines on minimum sustainable EPMs can hopefully facilitate a familiar approach for the construction industry to assess the environmental performance of refurbishment measures from a life cycle perspective and based on defined objectives choose the most efficient investments.
Conclusions
The analysis of the case building refurbishment measures from a life cycle perspective showed that the most beneficial refurbishment measure was energy recovery ventilation (RM1). The analysis also showed that a measure with a considerable reduction in operational energy has a low environmental performance, e.g., change of windows (RM2). This confirms the significance of including all stages of the building life cycle when planning refurbishment investments, especially for buildings with a pronounced sustainability focus.
The method of using ROI and AY as performance measures for BR-LCA is suitable for the relative comparison and evaluation of refurbishment investments and allows multidimensional analysis. The versatility of the method has been shown by incorporating different climates, energy mixes and future energy scenarios. The climate of different geographical locations has been estimated by using the relatively simplistic degree-day method, which has provided an overall understanding of the impact of climate on the results. However, building energy simulation would allow more fine-tuned climate estimations and also permit simulation and life cycle assessment of a large variety of measures.
In order to set and achieve the desired environmental goals and make sustainable investment choices, the refurbishment objective is of significance. With the urgent need to reduce GHG emissions globally, there is an opportunity for the construction industry to view refurbishment investments as a tool for reducing GHG emissions. We would stress the significance of developing guidelines on minimum sustainable EPMs for building refurbishment based on research through backcasting from defined national and international energy and GHG emission objectives. Our proposed approach will hopefully allow the construction industry and policy makers to set sustainable refurbishment objectives that can support the choice of refurbishment investments. Funding: This research was funded by AB Bostaden, the Industrial Doctoral School at Umeå University and the European Union Regional Development Fund Interreg Botnia-Atlantic.
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